Introduction
Trace water in industrial gases causes problems in products such as semiconductors because of strong oxidative properties. For example, water at the parts per billion by volume (ppbv) level decreases the overall emission bandwidth and photoluminescence intensity of light-emitting diodes (LEDs). 1, 2 Industrial gases such as N2, Ar, He, and O2 are generally produced by fractionation from the atmosphere, which contains >1.2% (v/v) water vapor under average Japanese conditions (17.1 C, 62% of relative humidity), and contaminating water is hard to remove. The produced industrial gases are also stored, transferred, and used in the atmosphere and it is difficult to avoid contamination. Trace water in industrial gases must be monitored at many points during such processes to avoid undesirable loss of materials and energy. Appropriate detection methods for trace water in industrial gases are limited to cavity ring-down spectrometers (CRDS), 3, 4 chilled-mirror hygrometers, 5 capacitive sensors, 6, 7 and pulsed discharge helium ionization detector following chromatographic separation. 8 These methods are not perfect for this purpose in terms of a sensitivity, a response time, and an economy. Capacitive sensors are widely used for trace water monitoring in industrial gases. However, commercial capacitive sensors have poor responsivity for trace levels of water. 9 We previously developed a fiber optic trace-water sensor based on metal-organic frameworks (MOFs) as the sensing material. 10 Highly porous and variety properties of MOF are widely applied to analytical methods. 11 MOF-based gas sensing has also been widely studied because the strong gas adsorption/ absorption properties of MOFs enable effective collection of analyte gas molecules. region, and a blue LED was suitable for its detection. In our previous fiber optic gas sensors, 10, 17, 18 the sensing material was placed on the front of a photodetector and the sample gas was blown on the surface of the sensing material. The color change of Cu-BTC generated by water molecules was monitored using solid-state devices, namely an LED and a photodiode. The system performed well, without significant interference on the industrial gas monitoring. However, the sensitivity and lifetime of the sensing material need to be further improved for practical applications, such as the monitoring trace water in industrial gases at supply and use points. In the present study, the sensitivity, response time, and lifetime were significantly improved using a newly designed detection cell and Cu-BTC in situ-synthesized in glass paper.
Experimental

Reagents
The reagents used for preparation of the sensing materials were commercial Cu-BTC (688614, www.sigmaaldrich.com), BTC (482749, www.sigmaaldrich.com), copper(II) nitrate trihydrate (09517-35, www.nacalai.co.jp), ethanol (14710-25, www.nacalai.co.jp), and dimethyl sulfoxide (DMSO, 13406-55, www.nacalai.co.jp).
Collection/detection cell structure
The structure of the collection/detection cell is shown in Fig. 1 . The schematic details are given in Fig. S1 of Supporting Information.
Two acrylonitrile-butadiene-styrene blocks (f35 mm × 15 mm length) were used as the body materials. Holes of diameter 5.5, 6.0, 6.0, and 8.0 mm, for gas flow, acrylic windows, an LED, and a photodiode, respectively, were drilled. A sample inlet and sample outlet of diameter 3.2 mm, to fit 1/8″ stainless-steel tubes, were drilled from the sides. Acrylic windows were inserted into the appropriate holes and fixed with a tiny amount of epoxy resin. A blue LED (λmax = 465 nm, NSPB510AS, www.nichia.co.jp) was inserted and Teflon sealing tape was used to ensure it fitted the hole well. An amplifierintegrated photodiode (OPT301, www.ti.com) with a feedback resistor of 10 MΩ was inserted in the hole on the other body. A Cu-BTC-impregnated filter was placed between bodies with and without a gasket for the sedimentation-based glass filter and in situ-synthesized glass paper, respectively.
Both body materials were screwed together with the sensing membrane placed between them. The LED was driven at ∼7.5 mA and the photodiode output was amplified ×10 and recorded with a data logger (GL220, www.graphtec.co.jp). All of the response chart in the present manuscript showed this output without any calculations as vertical axis except for some responses with further explanations. The cell included an LED and a photodiode was placed in a home-made miniature thermal stable box to keep the temperature at 35 C.
Preparation of sensing membranes
Water-sensing membranes were prepared by the sedimentation of Cu-BTC crystals or an in situ-synthesis of Cu-BTC in glass paper.
Sedimentation was performed by passing a dispersion solution to the glass filter. 10 Commercial Cu-BTC crystals (10 mg) were dispersed in acetone (50 -200 mL). The amount of sedimentation has been adjusted by the volume of acetone. The dispersion solution (5 mL) was passed through a glass filter (GC-50, thickness 0.19 mm, www.advantec.co.jp) held in a Swinnex ® filter holder (SX0001300, 10 mm filter diameter, www.emdmillipore.com), using a 5-mL syringe, with periodic shaking. The crystals were deposited on the filter. The filter was dried under a stream of pure N2 gas for 1 h, and then stored in a desiccator.
The in situ-synthesis of Cu-BTC in porous materials was performed using two methods, methods A and B.
Method A was a one-pot reaction, which way performed as follows. Membrane filters were cut into f7 pieces using a belt punch. The cut membranes were immersed in acetone to ensure uniform penetration of the precursor solution. The precursor solution was prepared by dissolving BTC (0.58 g, 2.76 mmol) in DMSO (10 g ) and heating at ∼60 C under stirring. When dissolution was complete, the solution was cooled to room temperature and then copper(II) nitrate trihydrate (1.22 g, 5 mmol) was gradually added to the solution. The membranes were immersed in the precursor solution for 5 min, placed in a petri dish, and kept at 80 C for 2 h for the reaction. After the reaction, the membranes were placed in a flask and kept at 80 C under vacuum for 12 h. After evaporation of the solvent, the membranes were placed in a flask with refluxing methanol (30 mL) for 1 h. The membranes were dried at 120 C and stored in a desiccator.
Method B involved repeated reactions with Cu 2+ and BTC at concentrations of 1/20 those used in method A. A schematic diagram of method B is shown in Fig. S2 . A working precursor solution was prepared by ×20 dilution of the concentrated solution with DMSO just before use. Eight pieces of punched glass paper (f7, TGP-020A, thickness 0.3 mm, porosity 94%, www.nsg.co.jp) were placed in a 15-mL polyfluoroacetate (PFA) container, and the working precursor solution (0.1 mL) was dropped in. The pieces were placed separately in the tray to ensure good impregnation. The PFA container was capped and placed in an oven at 100 C for 3 h (in situ-reaction). The pieces were then transferred to a glass petri dish and kept in an oven at 70 C for 20 h without a cover (crystallization). After crystallization, the pieces were placed in a 100-mL Kjeldahl flask with refluxing ethanol (30 mL) for 30 min (cleaning). This cleaning procedure was repeated three times with fresh solvent. The pieces were placed on filter paper in a petri dish and kept in an oven at 80 C for 1 h. These in situ-synthetic procedures were repeated one to four times for the optimization.
Sensor performance tests
The sensor performances were evaluated using a standard gas prepared by volumetric dilution. A commercial standard water gas cylinder containing 10.4 parts per million by volume (ppmv) of water in N2 (www.jfp.tn-sanso.co.jp) was used to prepare standard gases by volumetric dilution with pure N2 gas (dew point <-100 C) further purified with heated non-evaporative gettering alloy (NP2, www.vici.com). The total flow rate into the detection cell was kept at 0.5 L min -1 (litter per minute) except further comments. The standard and N2 gas flow rates were adjusted using mass flow controllers (SEC-4400M, www. horiba-stec.jp). All of the stainless-steel tubes connecting the cylinder to the detection cell were heated at >60 C.
Results and Discussion
Performance of newly designed detector cell
The detector cell structure is one of the key for the sensitivity and the response time in a colorimetric gas sensor that detects the analyte by collecting and reacting gas molecules with a color developing reagents. Previously, the detector cell structure with sample gas reflection, blown on the sensing material surface, and detection of light passing effectively worked for the detection of trace amounts of water in industrial gases. 10 The detection with not a light reflection 19 but a light transparency of the sensing material is strongly effective for obtaining a high sensitivity because the base-line stability is important to obtain a large signal-to-noise ratio which corresponds to the limit of detections. Also, sample gas collection by being blown on the surface of the sensing material needed to be concerned to improve the sensitivity and the response time for a monitoring trace water in industrial gases. Thus, a new cell design was considered.
The sample gas pathway and detection light are parallel in the newly developed detector cell. The new design expects a longer light pass length, larger amounts of gas molecule collection and a shorter time for reaching to equilibrium of gas adsorption/ desorption than blowing the sample gas on the surface of the sensing materials by the sample gas also passed through the sensing material layer. For the comparison of the performances between the previous 10 and newly designed cell, the sensor response was obtained with a Cu-BTC crystal deposited filter (1 mg/filter) as the sensing material, which was used in a previous study. 10 The response was obtained with 100 ppbv standard gas flowed at 1.0 L min -1 as shown in Fig. S3 . The 90% response time was improved by ∼18 times, from 2770 to 152 s, the previous and new cell, respectively. The limit of detection (signal to noise ratio, S/N = 3) with previous and new cell was 40 and 15 ppbv, respectively. Thus, the concept of the newly designed cell, a rapid and sensitive response was prooved.
Effects of the amount of Cu-BTC on the filter
For a further improvement, the amount of Cu-BTC sediment on the filter was studied (Table 1) . A larger amount of Cu-BTC increased the response intensity because of the greater color change. However, the limit of detection was best with a deposition amount of 0.75 mgCu-BTC/filter in the tested amounts of 0.5, 0.75 and 1.0 mg/filter. A larger amount of Cu-BTC caused a greater color change. However, the light intensity that passed through the filter was also decreased with larger sedimentation amounts. Thus, the response intensity became relatively smaller with larger sedimentation amounts. On the other hand, the response time became longer with increasing sedimentation amounts because of a longer equilibrium time. However, the apparent response time became shorter at 1.0 mg/L because the signal intensity became smaller. These results suggested the amounts of the sensing material needed to be well balanced to obtain a good performance both concerning the sensitivity and the response time. Furthermore, the sensing material with a simple sedimentation of trace amounts Cu-BTC on the filter decreases the reproducibility and stability in long-term monitoring (>4 weeks). The response for 800 ppbv was decreased to 83% for 4 weeks of continuous monitoring. The in situ-synthesis of the sensing compounds, Cu-BTC, in the porous membrane filter was investigated for controlling the impregnation amounts of Cu-BTC and keeping long life time of the sensing material.
In situ-synthesis of Cu-BTC for sensing membrane
The sedimentation is a simple and it is rapid to prepare the sensing membrane. However, the placed crystals on the filter can be moved or peeled. Also, controlling the thickness of the sensing material is important in the colorimetric gas sensor. The thickness of the sensing material can affect on the gas-collection efficiencies and the sensitivity of absorbance detection. For example, a larger thickness makes a longer the gas-collection time and larger amounts of molecules captured by the sensing material. Also, the sensitivity on an absorbance detection with light passing through the sensing material will be increased by increasing the light path length, based on the Lambert-Beer's law.
The thickness of the sensing material can be easily controlled using a packed column format. A long gas-collection cell can be made by packing Cu-BTC crystals in a gasket (thickness less than ∼1 mm) with the newly designed cell. However, the detection light cannot pass effectively though the Cu-BTC crystal-packed column. Poor light transfer prevents detection even at high concentrations of water vapor. The base material for Cu-BTC impregnation therefore needs to have a good balance of the thickness, density, and light transparency.
The in situ-synthesis of the sensing material in porous membranes has therefore been studied. Several methods have been reported concerning the impregnation of Cu-BTC in porous materials. 11 However, these were designed to separate or capture target molecules in a gas or liquid. Thus, these studies purposed to impregnate the material as much as possible. For example, Nagaraju et al. impregnated into a polysulfone ultrafiltration membrane for gas separation with Cu-BTC using a layer by layer method. 20 However, a polysulfone ultrafiltration membrane absorbs the light in the detection wavelength region and poor gas permeability makes it difficult to pass the sample gas through the membrane without applying a relatively large pressure. In the present study, the base porous material and the impregnation method were optimized for trace-water detection. Initially, polytetrafluoroethylene (PTFE) membrane (PF100, thickness = 0.54 mm, www.advantech.co.jp) and silica-monolith (A74819, thickness = 1.0 mm, www.agilent.com) filters were investigated as the base material. Both porous membrane materials were impregnated with Cu-BTC using method A (described in Preparation of sensing membranes). However, the synthesized silica-monolith filter gave no response to water vapor. This may have been the result of strong water adsorption on the silica monolith. The large surface area was expected to retain a large amount of Cu-BTC crystals and give a large capacity for water adsorption, but the reverse was observed. Strongly adsorbed water in the silica-monolith pores cannot be completely released without heating. Slightly released water molecules are supplied to Cu-BTC crystal, and this inhibits Cu-BTC color changes by keeping light blue color. The color remained light blue, indicating water adsorption on Cu-BTC. In contrast, the hydrophobic PTFE membrane functioned well. A response was obtained with sub-ppmv standard gases. A limit of detection of 13 ppbv and a response time of 82 s (2.0 ppmv, 90% response time) were achieved. However, PTFE fibers also adsorb water molecules and this affected the response time especially for high to low concentrations and caused large hysteresis. Water molecules with various diffusion coefficients can pass through PTFE sheets at room temperature. 21 A new material, glass paper, was therefore studied. Glass paper was developed for use as separators in Li-ion batteries or fuel cells. Thin and highly porous (porosity >85%) structure is suitable for functionalization and gas collection/detection. Water molecules can be adsorbed on glass fibers, but they do not permeate deep into the glass fibers. In the present study, glass paper was used for the first time as a gas-sensing membrane. The synthesis of the sensing membrane is described in Preparation of sensing membranes (method B). Photographs of the prepared filter membranes are shown in Fig. S4 . The amount of Cu-BTC in the glass paper increased with increasing number of repetitions of synthesis. All of the membranes changed color when water was removed by heating on a hot plate. The membranes were also examined using Fourier-transform infrared (FT-IR) spectroscopy (Spectrum Two, www.perkinelmer.com), scanning electron microscopy (SEM; JSM-6510A, www.jeol.co.jp), energy-dispersive X-ray spectroscopy (EDS) integrated with SEM, and elution tests for the amounts of Cu in synthesized filter. The FT-IR spectra of Cu-BTC powder, the glass paper, and glass paper with synthesized Cu-BTC are shown in Fig. S5 . Peaks at 730, 760, 1560, and 1645 cm -1 from Cu-BTC powder were also observed in the spectrum of the glass paper with synthesized Cu-BTC. The results clearly show that the in situsynthesized material was Cu-BTC. The SEM images in Fig. 2 show that the synthesized Cu-BTC first crystallized on the glass fibers and then expanded into the organic binder surface with increasing number of reaction cycles. The sizes of the crystals on the glass fibers increased and the size reached ∼0.3 μm in four reaction cycles. The EDS results support these statements. The amount of Cu transferred from the glass fibers to the organic binder increased with the number of reaction cycles. Elution tests were performed on the membranes synthesized using one to four reaction cycles. The filter was immersed in 1 M HNO3 for leaching Cu in the filter, and the solution was diluted and examined using flame atomic absorption spectroscopy (PinAAcle 500, www.perkinelmer.com). The results are summarized in Fig. S6 . The yields of Cu-BTC based on the amount of Cu 2+ were >97% for the membranes produced using one to three reaction cycles, and 86% for the membrane subjected to four cycles. The yields may decrease when more reaction cycles are used. High yields are important for achieving good reproducibility of membrane synthesis. Membranes produced using more than five reaction cycles were therefore not tested.
Response characteristics
The response chart obtained with the newly designed cell and in situ-synthesized membranes produced with four reaction cycles as the sensing material for standard water gases are shown in Fig. 3 . The responses were obtained by switching the gas concentration between 100 and 200 -500 ppbv for 30 and 15 min, respectively. The response intensity increased with the gas concentration. There were no significant response intensity differences when the sample gas flow rate was changed, in agreement with previous reports. 10 The gas flow rates effected only on the response time. The response time was relatively shortened with increasing the sample gas flow rate because the equilibrium was rapidly achieved. No significant sensitivity difference due to the sample gas flow rate is a merit because an accurate flow controller is not required, and the system can be smaller and simpler.
The calibration curves obtained with the membranes produced using one to four reaction cycles are shown in Fig. 4 . The response was not linear with respect to the concentration but changed up to 2 ppmv. The limits of detection (S/N = 3) obtained with the synthesized membranes were 75, 57, 34, and 9 ppbv for one, two, three, and four reaction cycles, respectively. The membrane obtained using four reaction cycles gave the best performance. Membranes produced using more than five cycles were not tested because the reaction efficiency, which affects reproducibility between lots, decreased. A large amount of Cu-BTC improves gas molecule collection and intensifies of color changes. The membrane obtained using four reaction cycles had sufficiently sensitive responses and enough light transparency to keep the baseline stable. The 90% response time for 200 ppbv was 86 s. Trace-water detection using the glass paper membrane with in situ-synthesized Cu-BTC was better than that achieved with the other membrane tested. The dynamic range was from ∼0.02 to 2 ppmv, which is three orders of magnitude. The reproducibility of the response was also good, with a relative standard deviation (RSD) of 0.80% for 500 ppbv. The long-term stabilities (2 weeks) were 11 and 7.3% RSD, respectively, for 200 and 400 ppbv standard gases. The repeatability between membranes was also good, i.e., 3.6% RSD (n = 4) for the response to a 200-ppbv standard gas. The calibration curves for two different membrane produced using four reaction cycles are shown in Fig. 4 and agree well.
The interferences were also considered. In the present study, Cu-BTC has been used as the sensing material. The water molecules adsorbed on Cu and generate color changes. Thus, the gases which react with Cu may interfere. Previously, we reported that NH3 also adsorbs on Cu-BTC and generates color changes. However, the response speed of the reaction between NH3 and Cu-BTC was much slower than H2O. And NH3 interference can be avoided by a high frequency switching between zero and sample gases. Non-reversible color changes of Cu-BTC with H2S, and AsH3 was also reported. 22 These may interfere with the water detection. However, the concentrations of these gases in industrial gases are ultra-trace, <0.1 ppbv. It is thus hard to imagine that these gases cause interference on trace water in industrial gas determinations. On the other hand, there were no significant matrices effects on water analysis. The standard gases prepared with N2, He, Ar, and O2 as dilution gases showed the same response to contained water amounts.
The developed system was also compared with a CRDS (HALO, www.tigeroptics.com). CRDS is well established and used for the evaluation of primary standards for trace water. 9, 23 The responses of the present MOF sensor and a CRDS were plotted together (Fig. 5) . The response of the present MOF sensor was converted to concentration based on a calibration curve. Both systems can respond to 0.1 to 1.0 ppmv standard gases and the results were in good agreement. The repeated responses (n = 19) show good reproducibility. Furthermore, the long-term stability was studied for one-year. The calibration response for before and after one-year was shown in Fig. S7 . The sensitivity changes were within ∼3%. The present in situsynthesis is effective not only for the controlling the impregnation amount but also for the keeping a long-term stability of the sensing membrane. The present MOF sensor is miniaturized and cost effective, with a good performance, comparable to that of CRDS. It will be useful for monitoring trace water in industrial gases at points of use.
Conclusions
In summary, a newly developed gas collection/detection cell coupled with an in situ-synthesized sensing membrane detected ultra-trace levels of water rapidly. The results obtained are comparable with those obtained using the global standard method, CRDS. The developed system can easily be applied to other target gases using a MOF that changes color in response to rapid gas adsorption/desorption as the sensing material.
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